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 The relationships between the physical features of buildings and the adaptability 
of those buildings have become an intriguing topic for many researchers in recent years. 
Although much research has been published about the theme of building adaptability, 
evaluating these relationships quantitatively is a relatively new subject. The current thesis 
aims to create a quantitative model of adaptability by identifying physical features of 
buildings that have strong, positive relationships with building adaptability.  
 Chapter Two of the current thesis presents a design-based adaptability scoring 
system that evaluates college campus buildings. Eight physical features of buildings were 
scored and these scores were calculated into an overall adaptability score for four 
Clemson University buildings. The overall adaptability scores were compared to scores 
from a previous study of the same buildings conducted through expert evaluations and an 
Analytic Hierarchy Process (Becker et al., 2020). The results show that both systems rank 
the buildings in the same order with respect to their adaptability. 
 Chapter Three utilizes three different tools, Artificial Neural Networks, Logistic 
Regression, and Linear Regression, to analyze the relationships between a building’s 
physical features and the building’s adaptability. The data on the 59 buildings used in the 
study were taken from a previous study conducted in the Netherlands. Both adapted 
buildings and demolished buildings were included in the study. All three tools were 
processed through a series of sensitivity studies to evaluate the relationships between 
physical parameters and both adaptation and demolition outcomes. A final Linear 
Regression model for adaptability was created and all of the buildings were scored on this 
 iii 
model. The results from this model were compared to similar, previous models of 
adaptability and the Linear Regression model proved to be more accurate in predicting 
adaptation and demolition outcomes. 
 The research in this field contains a great deal of uncertainty and variability in 
what makes buildings adaptable. This thesis identifies a few key parameters that 
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Thesis Format and Derivatives 
 The current thesis includes two stand-alone projects that have related subjects but 
were conducted separately and answered different questions. One project only looks at a 
measure of the buildings’ adaptability while the other explores whether changing a 
certain physical feature leads to either adaptation or demolition. The first project in 
Chapter Two was published in the Sustainability in Energy and Buildings 2020 
Conference Proceedings. It presents a scoring system that measures the adaptability of 
college campus buildings. The second project in Chapter Three analyzes the relationships 
between physical features of buildings and adaptation and demolition outcomes. A 
manuscript based on this chapter will be forthcoming after the current thesis is accepted. 
Both chapters present their own specific background and discussion of literature, and, 
because of this, there will not be a single comprehensive literature review chapter in this 
thesis. 
Key Terminology 
 The following paragraph defines a few terms that are frequently used in this 
thesis, but it is not exhaustive. Adaptability has been defined as “the ability to change to 
fit changed circumstances” (“Adaptability,” 2017). In relation to the built environment, it 
has been defined as the ease with which a building can be physically modified, 
deconstructed, refurbished, reconfigured, repurposed and/or expanded (B. E. Ross et al., 
 2 
2016). Design-based Adaptability includes the part of adaptability that is impacted by 
specific decisions made in the design process. The term “parameter” refers to measurable 
physical characteristics of buildings, such as horizontal grid spacing or structural 
connection types.  
Motivation 
 Although there a many different design guidelines relating to adaptability, there 
are few that involve quantitative evaluation. This study presents small steps towards 
creating a design guide that is informed by real-world data. This design guide can be a 
starting point for professionals who wish to make the built environment more adaptable 





QUANTIFYING ADAPTABILITY OF COLLEGE CAMPUS BUILDINGS 
 
 
This chapter was originally published in the Sustainability in Energy and 
Buildings Conference Proceedings with co-authors Brandon Ross and Dustin Albright 
(McFarland et al., 2020). Subtle changes have been made to the original conference 
manuscript for purposes of clarity and formatting in this thesis. 
While much has been written about adaptable buildings, quantification of 
adaptability is still in its nascent stage. Little has been published towards validation of 
quantitative adaptability models. This paper proposes a scoring system for evaluating the 
design-based adaptability of college campus buildings. This system was created to be a 
tool to guide future designs. Different physical features (i.e., floor-to-floor height and 
structural span lengths) of the buildings are considered in the scores. Adaptability scores 
are calculated for four buildings on Clemson University’s campus. Scores are compared 
to those from an earlier study of the same buildings; the earlier study quantified 
adaptability by surveying experts through an Analytic Hierarchy Process (AHP). Both 
approaches rank the subject buildings in the same order with respect to adaptability. 
Additionally, scores from both approaches are linearly correlated.  These encouraging 
results suggest that the proposed scoring system is a starting point for quantifying the 
adaptability of college campus buildings. 
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Introduction and Background 
Adaptability and Design-Based Adaptability (DBA) 
Adaptability has been defined as the ease with which a building can be physically 
modified, deconstructed, refurbished, reconfigured, repurposed and/or expanded (B. E. 
Ross et al., 2016). Similar definitions are presented in books by Schmidt and Austin 
(Schmidt & Austin, 2016) and Cowee and Schwehr (Cowee & Schwehr, 2012). Physical, 
economic, functional, technological, social, legal, and political factors all impact a 
building’s adaptability (C Langston & Shen, 2007). Physical factors that impact 
adaptability include a building’s age and state of repair, as well as the features of its 
design. The portion of adaptability based on design features has been described as 
Design-Based Adaptability (DBA) (B. Ross, 2017).  While DBA is only one contributor 
to overall adaptability, it is critical because it is the only portion that can be directly 
impacted (intentionally or otherwise) by design decisions. This paper proposed a 
quantitative model for scoring DBA of college campus buildings. The model is intended 
as the first step towards a tool for architects and engineers who are seeking to design 
more adaptable buildings.  
Few models and methods have been proposed to quantify adaptability, and even 
fewer have been empirically validated (Rockow et al., 2019).  Existing models for 
measuring DBA (Andrade & Luis, 2019; da Fonseca Lamounieri et al., 2018; Geraedts, 
2016; B. Ross, 2017) have been created using weighted-sum approaches. In weighted-
sum models, a building is first scored for a variety of different parameters (e.g., floorplan 
openness). Scores are then multiplied by weighting values based on the scale and 
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importance of the parameters, and then products are summed to determine an overall 
score. The proposed scoring system is also created using the weighted sum approach, but 
is distinct from previous models in its use of research data for development and 
validation.  
DBA Strategies 
This section briefly reviews relevant strategies for increasing a building’s DBA. 
Words in bold are used as shorthand for describing the strategies. More detailed reviews 
can be found in the works by Ross et al. (B. E. Ross et al., 2016) and Heidrich et al. 
(Heidrich et al., 2017), and detailed practical examples of each strategy are listed in Table 
2.1. 
The strategy of Layering building systems was examined by Duffy (Duffy, 2000) 
and Brand (Brand, 1994). Duffy proposed that buildings should be analyzed as they are 
built and maintained: in layers such as “shell, services, and scenery”. Brand observed that 
building layers are replaced at different rates (Figure 2.1).  He suggested that the layers 
be designed with physical and functional separation so each layer can be modified 
without impacting the others.  
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Figure 2.1: Building Layers (Brand, 1994) 
 
Large floor-to-floor heights and wide structural grids are part of the Open 
strategy. For example, floor-to-floor height dictates if “ample space for HVAC 
equipment, etc.” (Black et al., 2018) is available. Small floor heights can constrain the 
possibility of future changes. Similarly, wide open structures present more options for 
future change than do densely located structures.  
Reserve capacity is providing additional capacity beyond needs for the original 
building function.  Future changes to a building may result in additional technical 
requirements, these changes can be facilitated by reserve capacity (B. E. Ross et al., 
2016). This idea is typically described in terms of structural capacity, but the strategy can 
also be applied to building services and space plans.   
Plan depth is related to the proximity of interior spaces to exterior walls.  In the 
context of adaptability, access to exterior walls is desirable because many potential 
building functions, particularly those on college campuses, benefit from exterior 
windows.  While plan depth has been reported as being beneficial to adaptability, other 
building characteristics are reported more frequently (Becker et al., 2020).  
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Simple designs can reduce uncertainty associated with adaptation projects. Easy 
to understand load paths, repeating elements and details, orthogonal walls, stacking floor 
plates all contribute to simplicity (B. E. Ross et al., 2016). 
Table 2.1: Examples of DBA strategies 
 
Strategy Practical Example Picture 
Layering 
Use of non-bearing facades or 
demountable walls to separate the 
skin and structure layers 
 
The picture shows demountable 
walls in an office (Pizzolato, 2018)  
Open 
Increasing structural grid size or 
floor-to-floor heights 
 
The warehouse in the picture has 
large spans and tall ceilings (Guth, 
2011)  
Reserve Capacity 
Increasing design live loads or 
providing overly sufficient services 
for multiple potential occupancies 
 
The picture shows the construction 
of the raised plenum floors in the 
Watt Family Innovation Center on 
Clemson University’s campus 
(Clemson University, 2020) 
 
Plan Depth 
Creating a building footprint that 
allows interior spaces to be in close 
proximity to exterior walls and 
windows 
 
The building on the right has a 
shallow plan depth (Joseph, 2013)  
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Simple 
Use of standard member sizes or 
similar grid patterns 
 
Buildings shown to the right have 




Becker et al. 2020 Study 
Becker et al. quantitatively measured DBA of four buildings from the Clemson 
University campus using an Analytic Hierarchy Process (AHP) (Becker et al., 2020).  
The four buildings were the Watt Family Innovation Center (WFIC), Academic Success 
Center (ASC), Lee Hall III, and Stadium Suites (Figure 2.2). These buildings were 
selected for study because of their similar size, age, and quality of materials. 
 9 
 
Figure 2.2: The four buildings used for comparison (Becker et al., 2020) 
 
AHP is a method that separates multifaceted decisions into a series of pairwise 
comparisons. Pairwise results are aggregated to determine an overall best option.  Experts 
in the Becker study used AHP to compare the subject buildings according to their relative 
suitability for different potential adaptation schemes. After aggregating the individual 
pairwise scores, the buildings’ overall adaptability scores were 0.3 for WFIC, 0.23 for 
ASC, 0.27 for Lee Hall, and 0.2 for Stadium Suites. Higher scores mean that a building is 
more suited for potential adaptation.   
Becker et al. also qualitatively evaluated the buildings’ adaptability by asking 
experts to describe the physical features that made the buildings more or less suitable for 
  
Building A (Watt Family Innovation Center) Building B (Academic Success Center) 
• 4 stories + basement, total 6070 m2. 
• Movable glass partitions. 
• Raised plenum HVAC system. 
• Special structure: reinforced concrete cast on metal 
deck composite with beams and column. 
• Green roof. 
• 3 stories, total 3720 m2. 
• Classrooms, offices, large lecture room. 
• Structure: load-bearing CMU, concrete beams 
and columns. 
• Distributed HVAC system. 
  
  
Building C (Lee Hall III) Building D (Stadium Suites) 
• 1 story + mezzanine, total 5010 m2. 
• Open studio space, offices, classrooms. 
• Skylights and light sensors. 
• Geothermal well heating system. 
• Green roof. 
 
• 4 stories, total 6880 m2. 
• Dorms, community rooms. 
• Structure: load-bearing CMU, steel beams and 
columns. 




potential adaption. Open floorplans and high floor-to-floor heights were the most 
frequently mentioned features. Some of the other features, listed in order of most-to-least 
frequently mentioned, included: flexible HVAC systems, overdesigned structure, ease of 
access/plentiful circulation, and building footprint/plan depth that suits creative uses.  
Becker et al. engaged separate groups of experts to conduct the qualitative and 
quantitative portions of their study. 
Scoring System Description 
The proposed scoring system measures the DBA of college campus buildings. 
Previous work by Becker et al. (Becker et al., 2020) measured DBA of existing campus 
buildings, whereas the scoring system described herein aims to guide the design of future 
buildings. The choice to evaluate college campus buildings was made partially for the 
practical reason that the current researchers had access to detailed drawings and 
information about the buildings. More importantly, campus buildings were chosen 
because the stakeholders tend to be long term owners who are interested in an elongated 
life for their facilities. 
College campuses are always evolving based on new student and faculty needs. 
The recent transition to classrooms with increased social distancing due to COVID-19 is 
one example. Since abundant land area for new construction is not always a viable asset 
in these necessary evolutions, the buildings located on these campuses must be able to 
adapt to new occupancies quickly in order to further the success of the university. The 
four buildings analyzed using the proposed scoring system were chosen based on their 
similar sizes and ages. 
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Parameters and Parameter Score 
Eight physical features (parameters) are considered in the proposed scoring 
system.  These parameters are similar to the DBA strategies cited in the literature and 
observed in the qualitative data collected by Becker et al. Separate scales are proposed to 
relate the value of each parameter to an adaptability score between 0-10. Individual 
adaptability scores are then multiplied by weighting factors and the products are summed 
to determine an overall DBA score.  This section discusses the parameters and their 
adaptability scales. 
It has been theoretically argued that there is a limit to the degree to which DBA 
strategies should be applied (B. Ross, 2018). For example, just because reserve structural 
strength can increase a building’s adaptability, it would be wasteful to design all 
buildings to the highest and most stringent structural requirements. Scores for the 
individual parameters reflect this notion.  Most of the parameter scores have diminishing 
returns as the parameters increase in value. Relationships between parameter scores and 
values are based on the authors’ professional opinions and reasoning, as well as feedback 
gathered during two workshops investigating these relationships with building design 
professionals. Results of the workshops are documented in Appendix A. The proposed 
relationships between parameter scores and adaptability are presented as a first step but 
are still considered far from definitive. The importance of physical parameters in 
adaptation is studied in Chapter 3.  
To the extent possible, relationships between parameter scores and values are 
continuous mathematical functions. Continuous functions are used in lieu of checklist 
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scoring systems. In a recent conference on adaptable buildings, checklist systems were 
criticized for promoting “checklist fatigue”, facilitating “gaming” or scores, and for 
dulling designer’s critical thinking (B. Ross, 2018). 
Structural Spacing. Structural spacing is related to the open DBA strategy. 
Scores for this parameter are determined using Figure 2.3. It is reasoned that spacings 
below 10 ft (3 m) severely restrict the types of college campus functions that could be 
used in such spaces. Accordingly, the scoring for structural spacing begins at 10 ft (3 m). 
The score increases with increasing structural spacing with slope changes at 30 ft (9 m) 
and at 60 ft (18 m). The 30 ft spacing is based on the size of a typical classroom.  After a 
structural spacing of 60 ft, the score remains constant because 60 ft is large enough for 
two typical classrooms and most other occupancies on college campuses. The scale is 
based on typical structural spacing. If structural spacing varies throughout the building, 
then the average spacing should be used.  
 


































Floor-to-floor height. Adaptability score for floor-to-floor height is defined by 
Figure 2.4. This parameter is related to the open DBA strategy. The scale begins at 9 ft (3 
m) for a floor-to-floor height. Values below this height are impractical and deemed to 
restrict adaptability. Increasing floor-to-floor height between 9 and 15 ft improves 
adaptability; this is represented by the relatively steep slope between these heights. A 
floor-to-floor height of 15 ft (4.5 m) is considered ample for most campus occupancies. 
Adaptability scores increase more gradually for floor-to-floor heights between 15 and 30 
ft. The score reaches the maximum value of 10 for a floor-to-floor height of 30 ft.  At this 
value, the story could be split into two well-heighted floors. 
The floor-to-floor height used to determine the adaptability score is taken as the 
average for the building.  It is calculated as the elevation difference between top of first 
floor and top of the roof structure divided by the number of stories. 
 
Figure 2.4: Adaptability scores associated with floor-to-floor height (1 ft = 0.3 m) 
 
Wall deconstructability. Wall deconstructability refers to how easy it is to 
























to deconstruct. The schedule in Table 2.2 lists the deconstructability score associated with 
different wall types. Bearing walls are considered the hardest to remove and are assigned 
a score of 0.  Non-bearing walls are easier to remove and have higher scores.  The highest 
score is for “removable” walls that are intentionally detailed to facilitate removal. The 
wall deconstructability score is based on the average wall deconstructability score across 
all interior walls in a building (Equation 2.1).  For example, the WFIC (Figure 2.2) has a 
combination of bearing, light, and removable walls and has a wall deconstructability 
score of 7.5. Wall deconstructability is associated with the layer and open DBA 
strategies. 
Table 2.2: Unweighted score values associated with different wall types 
 
Wall type Deconstructability score (D) 
Bearing 0 
Heavy Non-bearing 3 
Light Non-bearing 7 
Removable 10 
 
Equation 2.1: Calculation of wall deconstructability adaptability score 
 
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 =  
∑𝐿𝐿𝑗𝑗𝐷𝐷𝑗𝑗
∑𝐿𝐿𝑗𝑗
       
Where: 
WDAS = Wall deconstructability adaptability score 
Lj = Total length of wall type j 
Dj = Deconstructability score of wall type j 
j = Index for wall type 
 
HVAC Accessibility. Accessibility refers to how readily an HVAC system can be 
inspected, updated, or modified.  This parameter is related to the layer DBA strategy; 
HVAC systems that are highly integrated with or embedded in other building layers tend 
to be more difficult to adapt. The adaptability score for this parameter is more subjective 
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than for the other parameters.  Systems with embedded/rigid designs have a score of 0 
while fully exposed/flexible designs have a score of 10.  Scores given to the buildings in 
Figure 2.2 are demonstrative. The WFIC is given a score of 8. It has raised floors that 
house the HVAC ductwork. Segments of the floor can be easily removed to inspect, 
replace, or modify the ductwork.  Lee Hall is given a score of 6.  The ground floor of Lee 
Hall has a hydronic heating tubes in embedded in a concrete slab-on-grade. Ductwork for 
cooling is fully exposed below the upper floor and roof structure.  The score for Lee Hall 
reflects the lack of accessibility of the in-slab heating, on the one hand, and positive 
accessibility of the ductwork on the other. HVAC systems for Stadium Suites and the 
ASC are typical of many buildings on the Clemson campus.  HVAC ducts and chases are 
in wall/ceiling cavities that are covered by gypsum board. This condition is assigned a 5 
and is considered a typical level of HVAC accessibility. 
Design live load. Design live load is associated with the reserve DBA strategy. 
Standard 7 from the American Society of Civil Engineers (American Society of Civil 
Engineers, 2016) lists uniform design live loads between 20 to 300 psf (1 – 14 kN/m2) for 
different occupancies. Live loads for most college campus occupancies fall between 20 to 
100 psf, and these values form the first segment of the adaptability scale for live loads 
shown in Figure 2.5.  Live loads over 100 psf have increasing adaptability scores, but 
with diminishing returns (lower slope on figure) because design loads over 100 psf are 
only needed for special conditions such as data centers and libraries.  
Different design live loads are typically applied across different portions of a 
building.  In these situations, the weighted average design live load is used to determine 
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the adaptability score. For example, the majority of areas in the Stadium Suites building 
are designed for 40 psf. Commons rooms and corridors have higher design loads. The 
weighted average is 47.5 psf, therefore, the design live load adaptability score is 3.8.
 
Figure 2.5: Adaptability scores associated with design live load (1 psf = 0.048 kN/m2) 
 
Plan Depth. The percentage of a floor plate area that is within 12’ (3.7 m) of an 
exterior wall is an indicator of the plan depth strategy. A relatively skinny building has 
low plan depth and high percentage of area close to exterior walls. A “big box” store is an 
example of a building with high plan depth and a corresponding low percentage of space 
near exterior walls.  While interior spaces in “big box” buildings can be adapted for a 
variety of uses, experts from the Becker et al. (Becker et al., 2020) study preferred 
shallower plans. This is because shallow plans provide greater proximity to exterior walls 
and windows which is desirable for many college campus occupancies. Shallow plan 
depths facilitate more occupancies making them more adaptable. 
The scale for determining the plan depth adaptability score is shown in Figure 2.6.  
A score of 0 is associated with large plans depths in which 10% or less of the floor area is 


























Design live load (psf)
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Scores decrease for percentages above 50% as the plan depth becomes “too thin”. When 
100% of the plan area is within 12’ of the exterior, the plan depth is 24 ft (7.3 m).  Such 
plans can facilitate a limited number of campus occupancies and are assigned an 
adaptability score of 6.0. 
 
Figure 2.6: Adaptability scores associated with plan depth 
 
Orthogonal walls. The adaptability score for this parameter is linearly related to 
the percentage of walls in a building that are oriented in orthogonal directions (Figure 
2.7). In the Stadium Suites building, there are diagonal wall segments that form the 
corner tower Figure 2.2. The remaining 90% of walls are orthogonal which results in an 


























Figure 2.7: Adaptability scores associated with percentage of orthogonal walls/stacking floor plates 
 
Stacking floor plates. Stacking floor plates are also related to the simple DBA 
strategy; stacking floor plates are indicators of simple structures and details. This 
parameter is calculated as the overall percentage of floor plate areas in a building that 
match.  This percentage is linearly related to the floor plate adaptability score using the 
same scale as the orthogonal wall adaptability score (Figure 2.7). An example of this 
indicator is found in the WFIC in which floor plates get smaller with each story.  The 
floorplate adaptability score is 6 because 60% of the floorplate area stacks. While this 
indicator is very simple to calculate and apply, the authors are currently considering more 
rigorous methods for calculating stackability. From an adaptability perspective, it is 
reasoned that some portions of buildings (i.e. plumbing chases) are more critical to stack 





































Overall Adaptability Score 
Adaptability scores for the individual parameters are aggregated to determine the 
overall adaptability score.  This is done by multiplying each parameter score by a 
weighting factor representative of its level of importance and then summing the products: 
Equation 2.2: Calculation for the overall adaptability score 
 
𝑂𝑂𝑊𝑊𝑊𝑊 =  �𝑃𝑃𝑊𝑊𝑖𝑖𝑃𝑃𝑊𝑊𝑊𝑊𝑖𝑖   
Where: 
OAS = Overall adaptability score 
PWi = Parameter weighting factor 
PASi = Parameter adaptability score 
i= Index for parameters 
 
Parameter weighting factors are based on the qualitative data collected from 
building professionals in Becker et al. (Becker et al., 2020).  The professionals listed 
physical features of the subject buildings that would facilitate or impede adaptation. 
Parameters in the model were assigned to the most similar physical features mentioned 
by the professionals. Parameters (features) that were more frequently listed are assigned 
higher weights than those listed less frequently (Table 2.3). The parameter weighting 
factors are set such that they sum to 1.0.  Hence the overall adaptability score ranges from 
0 to 10. 
Table 2.3: Physical features, scoring system parameters, and parameter weighting factors 
 







Physical features cited by 
professionals 
Most frequent Open/closed floor plans Structural spacing 0.20 
Most frequent Floor-to-floor height Floor-to-floor height 0.20 
Frequent Reconfigurable floor plans Wall deconstructability 0.14 
Frequent Flexible HVAC systems HVAC accessibility 0.14 
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Least frequent Overdesigned structure Design live load 0.08 
Least frequent Floorplan facilitates creative uses 
Plan depth 0.08 
Orthogonal walls 0.08 
Stacking floor plates 0.08 
 
Comparison of Scoring System and AHP Study 
Overall adaptability scores for the four subject buildings were calculated (Table 
2.4) and were compared to the results of the Analytic Hierarchy Process (AHP) study 
presented by (Becker et al., 2020). The scoring system and the AHP study resulted in the 
same rank order from most to least adaptable.  As seen in Figure 2.8, there is a high 
degree of linear correlation (R2 = 0.84) between the scoring system and the results of the 
AHP study.  The favorable comparison is encouraging and suggests that the proposed 
scoring system may have practical value for measuring and comparing adaptability of 
college campus buildings. Caution is advised, however, as the comparison with the AHP 
study is a relatively small degree of validation.  
Table 2.4: Adaptability scores of case study buildings 
 





Structural spacing 0.20 8.0 8.2 8.5 6.5 
Floor-to-floor height 0.20 7.0 6.2 7.3 4.2 
Wall deconstructability 0.14 7.5 5.6 7.0 3.3 
HVAC accessibility 0.14 8.0 5.0 6.0 5.0 
Design live load 0.08 8.0 5.0 7.0 3.8 
Plan depth 0.08 3.5 6.8 3.0 8.8 
Orthogonal walls 0.08 8.0 9.0 9.0 9.0 
Stacking floorplates 0.08 6.0 9.0 5.0 9.5 
Total Unweighted Score  56.0 54.8 52.8 50.3 
Overall Adaptability Score  7.21 6.75 6.91 5.82 




Figure 2.8: Comparison of the two scoring system results 
 
Summary and Conclusions 
A system is proposed for scoring and comparing the design-based adaptability 
(DBA, the portion of adaptability associated with a building’s physical design) of college 
campus buildings. The system considers eight different physical parameters, such as 
floor-to-floor height and design live load, which can be readily measured. Adaptability 
scores for the individual parameter scores are aggregated to determine a building’s 
overall adaptability score.  The system is intended as an aid for designing new college 
campus buildings for adaptability and also for evaluating adaptability of existing 
buildings.  
Four case study buildings from the Clemson University campus were used to 
evaluate the proposed scoring system.  DBA of these same buildings has previously been 
quantitatively determined by (Becker et al., 2020) using the Analytic Hierarchy Process 
(AHP).  Results from the proposed scoring system and the earlier AHP study are in good 
agreement (R2 = 0.84). While these results are encouraging, more research on a larger 
group of campus buildings is recommended to further develop and validate the proposed 






















system. Traditional office buildings and multi-family residential buildings could be a 





EVALUATION OF PHYSICAL PARAMETERS AND BUILDING DEMOLITION 
AND ADAPTATION OUTCOMES IN THE NETHERLANDS 
 
 
 Building adaptation and reuse can contribute positively to sustainability of the 
built environment. The “adaptability” of buildings has been widely studied, however, few 
of these studies are quantitative. This paper uses Artificial Neural Networks (ANN) and 
Logistic Regression (LR) models as analysis tools to study relationships between the 
physical features of a building and demolition or adaptation outcomes. Source data were 
taken from a previous study of 60 buildings that were either demolished or adapted in the 
Netherlands. Once the analysis models were created and validated, a series of sensitivity 
studies were conducted to evaluate relationships between physical parameters and 
building outcomes. Results of the sensitivity studies were compared to qualitative results 
presented in earlier studies. The physical parameter with the strongest relationship to 
adaptation outcomes is the demountability of building service elements. 
Introduction 
Motivation and Overview 
Circular economies are a topic of increasing interest and can be defined as a 
system in which goods that are at the end of their service life will be turned into resources 
for another use (Stahel, 2016). The circular economy has also been defined as a 
regenerative system in which resource input and waste, emission, and energy leakage are 
minimized by slowing, closing, and narrowing material and energy loops (Geissdoerfer et 
al., 2017). Following this definition, building adaptation – particularly in lieu of 
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demolition – can contribute to slowing resource input and waste in the built environment. 
Building demolition can have negative impacts on the environment as well as unwanted 
financial and material losses (Landman, 2016). By designing new buildings to facilitate 
future adaptation, designers and owners can slow material flow into landfills and 
contribute to a circular economy of the built environment. 
Many different guides have been written on how to design buildings that enable 
future adaptation (e.g., Kendall, 2018; Schmidt & Austin, 2016) but there is limited 
quantitative empirical evaluation of how effective the strategies in these guides can be 
(Rockow et al., 2019). This paper advances knowledge on adaptable building design by 
identifying physical features of buildings that have positive or negative relationships with 
adaptation and demolition outcomes. The quantitative models created through this study 
are an additional guide for designers and owners who wish to evaluate the adaptability of 
new and existing buildings. The models can also be used as additional resources for 
designers interested in strategies that effectively address the circular economy. Being able 
to design adaptable buildings will reduce the number of demolished buildings in the 
future, thus contributing to a sustainable built environment. 
Objectives 
This paper addresses three main research objectives: 
1. Quantitatively evaluate relationships between physical features of buildings and 
their real-world adaptation and demolition outcomes. 
2. Create a Linear Regression model to measure buildings’ adaptability. 
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3. Compare quantitative results from the current study with qualitative results from 
previous literature. 
Background 
Design for Adaptability 
 Adaptability has been defined as the ease with which a building can be physically 
modified, deconstructed, refurbished, reconfigured, repurposed and/or expanded (B. E. 
Ross et al., 2016). Other definitions are explored in the works by Pinder et al. (2017) and 
Heidrich et al. (2017).   
Design for adaptability is the intentional design of buildings so that they may be 
easily altered to support future needs (Rockow, 2020). There are many strategies 
associated with design for adaptability, but the quantitative effects of individual strategies 
are relatively unknown. Table 3.1 provides a brief summary of commonly reported 
design for adaptability strategies. Content of the table was informed by the works from 
Heidrich et al. (2017), Rockow et al. (2020), Ross et al. (2016), and Slaughter (2001). 
These works are also considered later in this paper as part of Objective 3 to compare 
results with previous literature. 
Table 3.1: Design for adaptability strategies 
Strategy Description 
Building Layering 
The separation between various parts of a building: more 




How strong the building/structure is: a higher structural 
reserve capacity allows a building to be changed to more 
functions 
Openness How unobstructed a floor plan/building is: more openness provides more freedom in floor plans and layouts 
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Plan Depth 
The percentage of a floor plan that is close to exterior 
walls: having more rooms with access to windows is 
desirable for many building functions 
Simplicity 
The commonality/repetition of parts of the building: 
repetition of structure or services allows for easier 
maintenance, replacement, and retrofitting 
MEP Connections 
The type of connections used for mechanical, electrical, 
and plumbing fixtures in the building: fewer permanent 
connections allow for easier maintenance/replacement 
Fire protection Adherence to fire code requirements: current fire protection eliminates the need for updates 
Accessibility How easy it is to access/maintain parts of the building; easier access helps with renovations/maintenance 
Accurate Information 
Ease of access to quality building information; obtaining 
completed and correct building drawings minimizes 
uncertainties 
 
Measures of Design-Based Adaptability 
Design-based adaptability is the portion of adaptability associated with a 
building’s physical features. Many other factors also influence adaptability (Baker et al., 
2017; Craig Langston, 2012; Rockow, 2020) however this paper is specifically focused 
on physical parameters that are fundamental to a building’s design. The models by 
McFarland et al. (2020) and Landman (2016) are specifically reviewed in this section. 
These models are considered later in the paper as a part of Objective Two to create a 
Linear Regression model. 
The McFarland Model was proposed in a conference proceedings paper published 
in 2020 (Chapter Two of the current thesis). The authors proposed a scoring system that 
evaluates eight physical features of buildings and compared the scoring system to a 
previous study involving an Analytic Hierarchy Process. The physical features that were 
scored included structural spacing, floor-to-floor height, wall deconstructability, HVAC 
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accessibility, design live load, plan depth, percentage of orthogonal walls, and percentage 
of stacking floor plates. These features were chosen because of their measurability, 
frequency in previous literature, and relation to DBA strategies. Each of these physical 
features was assigned its own scoring scale and weighting factor based on previous 
literature and professional recommendations. 
Four buildings on the Clemson University campus were scored with this system 
and compared to a previous study of the same buildings. The two scoring systems 
correlated well with each other and provided promising results. 
The Landman Model was created in 2016 by a master’s student at the Eindhoven 
University of Technology in the Netherlands. 40 adapted buildings and 20 demolished 
buildings were scored using the Landman Analysis Tool that consisted of 62 parameters. 
The model tested five different building layers and only considered the physical features 
of the buildings. Scores for each parameter ranged from 0 – 1 in discrete steps of 0.1, 
with lower values assumed to be worse for the building’s adaptability (Landman, 2016). 
Other works on measuring design-based adaptability include Becker et al. (2020), 
Andrade & Luis (2019), Garaedts (2016), and Ross (2017). Many of them use weighted-
sum models, and these are mentioned in Becker et al. (2020). The current study also uses 
a weighted-sum model but introduces the use of Logistic Regression and Artificial Neural 
Networks in the creation of the model. An areal openness model (AOM) to measure the 
openness of a building floor plan was proposed by Rockow & Ross (2020). Another 
method, the SAGA method, was proposed by Herthogs et al. (2019) to calculate the 
“generality” and “adaptability” of a floor plan. Both AOM and SAGA examine floor 
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layouts and had a different goal than the current study because they were quantifying the 
openness of these floor layouts. 
Building Layering 
A Dutch architect named John Habraken researched mass housing and the 
building process in the 1950’s and ‘60’s. He wrote a book called Supports: An 
Alternative to Mass Housing that suggested an approach in which the state provides the 
structure, and an individual can create the in-fill or fit-out for their home (Habraken, 
1961). This book introduced the initial ideas of building layering and established a 
foundation for the study of adaptable buildings. 
Francis Duffy encouraged designers to observe buildings in 4 different layers that 
had different life cycle lengths (Duffy, 1990). These layers were “shell, scenery, services, 
and sets”. Stewart Brand expanded on Habraken’s and Duffy’s work and suggested that 
there were six building layers: site, structure, skin, services, space plan, and stuff (Figure 
3.1). According to Brand, “layer separation” entails the physical and functional 
separation of these layers, allowing the maintenance of one without affecting the others 
(Brand, 1994). 
 
Figure 3.1: Building Layers (Brand, 1994) 
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Other Studies Comparing Demolition and Adaptation 
 The following table presents a brief review of previous publications that compare 
demolition and adaptation outcomes. It lists the main method or goal of the publication as 
well as the distinction between the publication and the current study. As described in the 
table, the current study is distinct from these previous publications because it is a 
quantitative model that intends to help the building design process become more 
adaptability focused. 
Table 3.2: Previous publications comparing demolition and adaptation 




Thematic analysis of 
design for adaptability 
strategies 
Qualitative study 
(Baker et al., 2017) 
Investigated why 
adaptation or demolition 
outcomes were chosen 
Qualitative study 
(Landman, 2016) 
Analyzed buildings to 
determine their flexibility 
in accommodating changes 
Scored physical building 
parameters on a discrete 
scale 
(Langston, 2012) 
Evaluated the adaptive 
reuse potential (ARP) of 
existing buildings 
Studied existing 
buildings, not intended to 
aid in new design 
(Damwijk, 2015) 
Scored two strategies for 
buildings: adaptation and 
demolition/new build 
Studied existing 
buildings, not intended to 
aid in new design 
(Alba-Rodriguez et al., 2017) 
Studied the cost of two 
strategies: adaptation and 
demolition/new build 
Studied existing 
buildings, not intended to 
aid in new design 
(Watson, 2009) 
Proposed a decision-
making process that 
decided between 
adaptation and demolition 
Qualitative study that 
studied existing 
buildings, not intended to 
aid in new design 
(Verster & Peters, 2013) 
Evaluated design 
approaches that lead to 
adaptation 
Studied only religious 
buildings 
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(Crawford et al., 2014) 
Reviewed technical models 
and case studies relating to 
adaptation and demolition 
outcomes 
Focused on cost and 
energy use, not physical 
features 
 
Contributions of the current paper 
The current paper is different from previous studies because it is one of the largest 
demolition vs. adaptation studies with regards to the number of buildings included. It also 
proposes a new approach to analyzing scoring systems using Artificial Neural Networks 
and Logistic Regression. 
Artificial Neural Networks 
An Artificial Neural Network, or ANN, is a machine learning system that is 
intended to mimic the human brain. The ANN is fed with a data set that trains the system 
to “learn” patterns in the data. Once the ANN is trained, a new validation data set is put 
through the system to validate the ANN results. 
Within the ANN, there are different layers processing the data: the input layer, the 
hidden layers, and the output layer. Each hidden layer contains a certain number of 
neurons, which are represented by the circles in Figure 3.2 below. These neurons process 
the data and produce an output that is processed by the next hidden layer. The lines 
between neurons in Figure 3.2 represent the flow of information between layers. The 
information passes between all the layers multiple times before reaching a final output. 
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Figure 3.2: Artificial Neural Network diagram 
 
 Artificial Neural Networks and other artificial intelligence methods have received 
increasing use in studies of the built environment. Jonnalagadda et al. (2016) proposed 
Artificial Neural Networks as an approach to analyzing the effects of skew and span 
length on prestressed concrete bridge deck and superstructure condition ratings. Naser et 
al. (2020) utilized ANN and surrogates of Genetic Algorithms to study reinforced 
concrete beams and their fire responses. These studies show that the ANN method can be 
effectively utilized to analyze issues facing the built environment. 
Logistic Regression 
 Logistic Regression (LR) is well-suited for evaluating binary outcomes. An LR 
model receives the data and produces a sigmoidal or S-shaped curve (Peng et al., 2002). 
Equation 3.1 shows a simple equation for the Logistic Regression. Each parameter is 
assigned a coefficient that determines the relationship with the overall output. The X 
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values are the parameter values, and the β values are the coefficients. The α is similar to 
the y-intercept of a Linear Regression model and the Y is the output.  





� = 𝛼𝛼 + 𝛽𝛽1𝑋𝑋1 + ⋯+ 𝛽𝛽𝑛𝑛𝑋𝑋𝑛𝑛 
As with Artificial Neural Networks, Logistic Regression modelling has also been 
applied to study the built environment. One example of how this method has been used is 
in “HEAT – Human Embodied Autonomous Thermostat” (Li et al., 2020). The study 
utilizes Logistic Regression to optimize occupancy-focused HVAC operations that 
improve energy usage in buildings. This study shows that Logistic Regression is useful 
for similar studies, like the current thesis. 
Methodology 
Data Collection 
The data set for this study includes 39 adapted and 20 demolished buildings from 
the Netherlands between the ages of 21 and 114 years at the time that they were 
demolished or adapted. The buildings range in floor area from 2,000 – 64,000 m2 (21,528 
– 688,890 ft2) and in height from 3 – 23 stories (Table 3.3). They were all built between 
1895 and 1993 with the occupancies of office (68%), health care (12%), industrial (10%), 
academic buildings (8%), and residential (2%). All the buildings were from the same data 
set that Landman used (Landman, 2016). After studying the Landman model, the author 
of this thesis studied the source documents and building plans. The building scores were 
spot-checked and adjusted in accordance with the current author’s personal judgment. 
The final individual parameter scores can be seen in Appendix D. The level of detail 
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within the source documents and building plans varied. Around 80% of the drawings 
consisted of a full set and were easily readable. The other 20% were missing minor items, 
such as detail drawings or MEP drawings. One building’s drawings were unreadable; 
therefore, the building was removed from the data set leaving 39 adaptations instead of 
40. 
Table 3.3: Building properties 
Parameter Minimum Maximum 
Size (m2) 2,000 64,000 
Year Opened 1895 1993 
Age at Change 21 114 
# of Stories 3 23 
 
 There were originally 62 building parameters in the Landman data set. Some of 
the data were reasoned to have a questionable relationship with the overall building 
adaptability. For example, the quality of the acoustic insulation parameter was removed 
from the data set. The preliminary work reported in the Landman thesis also determined 
that some of the parameters had marginal relationships with adaptation or demolition 
outcomes. In order to make the study more tractable, the number of parameters was 
reduced to the 22 that were reasoned to be most relevant to adaptability. The 22 
parameters that were retained were consistent with the ones that the Landman thesis 
deemed important. The 22 parameters in the remaining data set are presented in Table 3.4 
below. 
Table 3.4: 22 Landman parameters used in analyses 
Parameter Physical Meaning 
Str_Dem_1 demountability of structural elements from each other 
Str_Dem_2 demountability of the floors from the structure 
Str_Dim_2 usability of the floor due to structural elements 
Str_Dim_3 floor-to-floor height 
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Str_Dim_4 horizontal grid spacing of the structure 
Str_Cap_1 arrangement of structure 
Str_Cap_4 occupancy of the floors 
Str_Cap_5 type of roof occupancy 
Str_Adj_1 extent of possible vertical expansion of structure 
Skin_Seg_1 extent of integration between the façade and structure 
Skin_Seg_2 extent of integration between the roof and structure 
Skin_Dem_1 demountability of the façade from structure 
Skin_Dem_2 demountability of façade elements from each other 
Skin_Dem_3 demountability of the roof from the structure 
Ser_Seg_1 extent of integration between the services and structure 
Ser_Seg_2 extent of integration between the services and skin 
Ser_Dem_1 demountability of the service elements 
Ser_Rea_1 extent of access to the service elements 
Ser_Dim_1 amount of space between ceiling and next floor 
Acc_Rea_3 number and location of staircases in the building 
Acc_Rea_4 number and location of elevator shafts in the building 
Spa_Dem_1 horizontal demountability of internal walls 
 
 Some general parameters for each building were also included in the data set. 
These included the occupancy, square footage, opening year, number of stories, and the 
age of the building at the adaptation/demolition. Values for each building’s general 
parameters can be seen in Appendix C. 
Overview of Models 
 A combination of Artificial Neural Network models, Linear Regression, and 
Logistic Regression models were used in this study. The models were based on 
calculating and predicting demolition and adaptation outcomes. The ANN was created in 
MATLAB using the Neural Networks Toolbox (MathWorks, 2020), while the other 
models were created using Excel and Xrealstats (Xrealstats, 2021). Based on the low 
number of data points and high number of building parameters in the data set, the 
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modelling was not conducted with the intention of producing statistically significant 
results, but to examine the relationships between parameters and outcomes. 
 The inputs for each model included the individual parameter scores and the 
outputs were either a 0 (indicating a demolition) or a 1 (indicating an adaptation). The 
overall goal of these models is to identify physical features of buildings that relate to 
demolition or adaptation outcomes. Thus, the models serve to answer Objectives One and 
Two from the Introduction of the current chapter. 
Artificial Neural Network 
The Artificial Neural Network was created in MATLAB. Once the ANN was 
finished predicting the outcomes of the 12 test buildings, these outcomes were compared 
to the actual outcomes of the buildings and the accuracy of the ANN was determined 
using Equation 3.2. After many iterations and different combinations of the layer and 
neuron numbers, it was determined that the ANN consisting of three layers, with the first 
two layers having 15 neurons each, produced the most accurate results.  
Equation 3.2: Calculation of the ANN accuracy 
 
𝑊𝑊𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑡𝑡𝑜𝑜 𝑐𝑐𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐𝑡𝑡 𝑡𝑡𝑛𝑛𝑡𝑡𝑜𝑜𝑛𝑛𝑡𝑡𝑜𝑜
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑡𝑡𝑜𝑜 𝑡𝑡𝑛𝑛𝑡𝑡𝑜𝑜𝑛𝑛𝑡𝑡𝑜𝑜
 * 100% 
Monte Carlo Simulations and Sensitivity Study 
30,000 Monte Carlo simulations of the 22 Landman parameters (Table 3.4) and 
four general parameters were created in Excel. Parameter values for each simulation were 
created using a random number generator that produced values between the highest and 
lowest actual values in the data set. Results of the simulations were input into the ANN 
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and the outputs were used to conduct a sensitivity study. To conduct the sensitivity study, 
each parameter’s set of scores was plotted vs. the ANN outputs for the buildings. An 
example plot is shown below in Figure 3.3. The black series represents each simulation’s 
parameter value vs. the ANN output. The trend lines for each parameter were determined 
and analyzed to understand its individual effect on the outcome of the buildings. The gray 
series and trendline in Figure 3.3 below shows the average ANN outputs for each 
parameter value and the trendline for that parameter. The slope of this trendline 
represents how impactful the individual parameter is on the overall building outcome 
while the R2 value represents how well the average data fits the trend. Additional 
example Monte Carlo plots are shown in Appendix E. 
A Linear Regression model was used for determining sensitivity and the model 
was based on the average of the simulations. The Linear Regression model did a 
reasonable job of capturing the relationship between the average model outputs and the 
individual parameter scores. The R2 value was above 0.916 for 75% of the parameters. 
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Figure 3.3: Example parameter sensitivity plot for Ser_Dem_1 
 
Logistic Regression Models 
 A Logistic Regression model of the data set was created using Xrealstats in Excel. 
The inputs for the model included only the Landman parameters. The general parameters 
were excluded because they were not on the same scale as the Landman parameters and 
including these general parameters prevented the model from converging onto a sensible 
solution. Within the Xrealstats program, the “Solver” analysis type was used with an 
alpha value of 0.05 and classification cutoff of 0.5. The coefficients for each parameter 
were produced and the model accuracy was determined within the Xrealstats program. 
The cutoff value for the model accuracy calculations was 0.5 since the range of parameter 
values was from 0 to 1. 
 The results from this Logistic Regression model were used to create additional 
Logistic Regression models with reduced data. Reducing the number of parameters 
included will increase the ease with which a professional would be able to use the model. 
























Further analysis on the reduced data will help determine the strong and consistent 
parameter relationships. The second Logistic Regression model was made with the 
twelve parameters with positive coefficients from the original Logistic Regression model. 
From that model’s results, nine parameters were chosen because they again produced 
strong, positive results. These nine parameters were used to create the last reduced 
Logistic Regression model. 
Linear Regression Model 
 The Linear Regression Model utilized the results from the 9-parameter Logistic 
Regression model. To create a Linear Regression model, the top nine parameters’ 
coefficients from the 9-parameter Logistic Regression model were normalized so the 
highest coefficient was 1.00. These normalized coefficients, or sensitivities, were then 
multiplied by the individual parameter scores associated with a certain building and 
summed to create a weighted-sum equation. 
Results and Discussion 
Model Accuracies 
 Each model was tested for accuracy using the building scores from the 
Netherlands. The models were tested for their ability to correctly predict the outcome of a 
building. Table 3.5 lists the accuracies of each model.  
Table 3.5: Accuracies of each model 
Model 
Accuracy 
Validation Data Set Entire Data Set 
Demo Adapt Overall Demo Adapt Overall 
Artificial Neural Network 75% 75% 75% 85% 90% 88% 
Logistic Regression – 22 
variables 100% 100% 100% 70% 92% 85% 
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Logistic Regression – 12 
variables 100% 88% 92% 65% 87% 80% 
Logistic Regression – 9 
variables 100% 100% 100% 60% 92% 81% 
Linear Regression – 9 
variables 100% 63% 75% 85% 69% 75% 
 
 As seen in Table 3.5, the ANN model was generally more accurate than the 
Logistic Regression models. The ANN model involved a more complex relationship 
between the parameters and outcomes; therefore, it was able to produce more accurate 
results. 
Relationships between parameters and outcomes 
 Figure 3.4 shows each parameter plotted against the slope output from the 
Artificial Neural Network. The parameters are ordered from highest absolute value slope 
to lowest, with the highest slope at the top of the graph. All of the slope values are 
normalized so that the highest value is 1.00. The original slope values can be seen in 
Table 3.6.  
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Figure 3.4: Effect of individual parameters from the ANN 
 
After performing the Artificial Neural Network analysis, it was observed that 
some of the slope values were negative. To further study these relationships, the data 
were analyzed using the original Logistic Regression model. Figure 3.5 shows the slope 
outputs from the Logistic Regression model. The slope values are denoted by the β-































Figure 3.5: Effect of individual parameters from the Logistic Regression model 
 
Table 3.6 below lists the slopes associated with each parameter from each model. 
The rank columns show the ranking of that parameter’s slope in relation to the others 
within that model. The lowest slope value received a ranking of 1 and the rankings 
increased as the slope increased. The sensitivity columns list the parameter’s sensitivity 
in relation to other parameters. These were determined by dividing that parameter’s slope 
by the highest slope value within that model. The parameter with the highest slope within 
that model received a sensitivity of 1.00. The combined rank column shows the addition 
of the parameter’s rankings from the two models and the combined sensitivity column 
shows the addition of the parameter’s sensitivity from the two models. These two 
columns were used to determine the parameters that had the most positive relationship 
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The parameters were split into four different tiers and color-coded based on their 
combined rank. The parameters with the highest ranks and strongest sensitivities are in 
Tier One and colored green. There is a significant gap between the ranks of Ser_Seg_2 
and Ser_Rea_1 which lead to the creation of a middle tier – Tier Two in yellow. These 
parameters all had positive ranks, but the ranks were much lower than the ranks in Tier 
One. Tier Three began where the parameters started to produce mixed results (positive 
from one model, but negative from the other) and is colored blue. Tier Four also contains 
mixed results, but the negative values outweigh the positives leading the combined rank 
to be negative. This tier is colored red. 
Table 3.6: Slope, rank, and sensitivity values for all parameters 
Parameter Artificial Neural Network Logistic Regression Combined Rank 
Combined 






Ser_Dem_1 1.29 25 1.00 20.72 22 1.00 47 2.00 
Str_Cap_5 0.76 23 0.92 9.55 20 0.91 43 1.83 
Spa_Dem_1 0.91 24 0.96 4.37 14 0.64 38 1.60 
Str_Cap_4 0.30 16 0.64 9.39 19 0.86 35 1.50 
Acc_Rea_4 0.61 21 0.84 2.65 9 0.41 30 1.25 
Ser_Dim_1 0.28 15 0.60 5.61 10 0.45 25 1.05 





o Ser_Rea_1 0.12 5 0.2 3.96 12 0.50 17 0.74 
Str_Dim_4 0.10 6 0.24 3.67 11 0.55 17 0.75 
Str_Cap_1 0.04 3 0.12 4.21 13 0.59 16 0.71 







Skin_Dem_3 0.25 12 0.48 -1.49 -4 -0.18 8 0.30 
Skin_Dem_1 -0.26 -14 -0.56 11.13 21 0.95 7 0.39 
Ser_Seg_1 0.74 22 0.88 -5.46 -16 -0.73 6 0.15 
Str_Dim_3 0.03 2 0.08 1.34 3 0.14 5 0.22 
Skin_Dem_2 0.33 18 0.72 -4.78 -15 -0.68 3 0.04 
Str_Dem_1 0.13 7 0.28 -1.49 -5 -0.23 2 0.05 





 Str_Dem_2 -0.57 -20 -0.8 7.66 18 0.82 -2 0.02 
Skin_Seg_2 -0.18 -9 -0.36 2.09 6 0.32 -3 -0.08 
Str_Dim_2 -0.15 -10 -0.4 2.06 7 0.27 -3 -0.09 
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Year Opened -0.08 -4 -0.16 - - - -4 -0.16 
Acc_Rea_3 -0.26 -13 -0.52 0.13 1 0.05 -12 -0.47 
Size (m2) -0.33 -19 -0.76 - - - -19 -0.76 
Skin_Seg_1 -0.33 -17 -0.68 -2.23 -8 -0.36 -25 -1.04 
 
 From the data shown in Table 3.6, a few key points will be discussed. 
Ser_Dem_1, or the demountability of building service elements, was ranked the highest 
in both the ANN and the Logistic Regression models. This result indicates that service 
element connections that were less permanent, such as clamps or bolts, improved the 
adaptability of the buildings more than those that were more permanent, such as in-situ 
poured concrete or fully grouted connections. Six other parameters were regarded as 
having a strong positive relationship with adaptability. The high ranking of Spa_Dem_1 
shows that the use of easily removable internal walls has a strong positive relationship 
with building adaptability while constructing masonry or concrete shear walls has the 
opposite relationship.  
 Seven of the parameters had negative relationships with adaptability which 
indicates that the Landman Analysis Tool questions (detailed in Appendix B) were scored 
in the reverse order. For Skin_Seg_1 in this data set, load-bearing walls were frequently 
seen in projects resulting in an adaptation. This may occur because load-bearing walls on 
the exterior corresponds to having limited structural elements on the interior of the 
building. This result is opposite from previous researcher’s literature that assumes a load-
bearing façade would impede adaptation. 
 44 
 Ser_Dem_1, along with the eleven other parameters that returned positive slopes 
from both models were used in the reduced Logistic Regression models. The remaining 
parameters with mixed or negative results were not used in further analysis. 
Reduced Logistic Regression Results 
 In the 12-parameter Logistic Regression model, all of the parameters with positive 
slope values from both initial models were used to create a reduced Logistic Regression 
model in Excel. The logistic coefficients and sensitivities from this model can be seen in 
Table 3.7. 
Table 3.7: Parameter coefficients and sensitivities from the 12-parameter Logistic Regression model 
Parameter Logistic Coefficient Sensitivity 
Ser_Dem_1 9.63 1.00 
Spa_Dem_1 7.96 0.83 
Str_Cap_4 6.30 0.65 
Str_Cap_5 5.02 0.52 
Str_Dim_4 4.06 0.42 
Str_Cap_1 1.58 0.16 
Ser_Rea_1 1.11 0.12 
Str_Adj_1 -1.00 -0.10 
Ser_Seg_2 0.90 0.09 
Str_Dim_3 0.82 0.08 
Ser_Dim_1 -0.52 -0.05 
Acc_Rea_4 0.05 0.00 
 
 Ser_Dem_1 is again the highest-ranking parameter, indicating that it has a strong 
positive relationship with adaptability. Str_Adj_1 produced a negative slope, indicating 
that a higher possibility of vertical expansion of the structure results in a lower possibility 
of adaptation, contrary to the original assumption. Ser_Dim_1 also produced a negative 
slope, showing that the size of the plenum space between a ceiling and the next floor 
results in scores that are opposite of the original assumption that more space is better for 
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adaptation. Due to these reasons, Str_Adj_1 and Ser_Dim_1 were removed from the next 
Logistic Regression model along with Acc_Rea_4 because it produced a slope that was 
much lower than any other parameter. 
The nine remaining parameters were then input into a new Logistic Regression 
Model. The logistic coefficients and sensitivities from this model can be seen in Table 
3.8. 
Table 3.8: Parameter coefficients and sensitivities from the 9-parameter Logistic Regression model 
Parameter Logistic Coefficient Sensitivity 
Ser_Dem_1 10.23 1.00 
Spa_Dem_1 7.09 0.69 
Str_Cap_4 5.13 0.50 
Str_Cap_5 4.39 0.43 
Str_Dim_4 3.61 0.35 
Str_Cap_1 2.06 0.20 
Ser_Rea_1 1.09 0.11 
Str_Dim_3 0.85 0.08 
Ser_Seg_2 0.66 0.06 
 
Linear Regression Model 
As seen in Table 3.8, the same parameters make up the top 7 parameters of both 
the 12-parameter and 9-parameter Logistic Regression models. This indicates that the 
results are consistent for the current data set. The sensitivity values from this model were 
used to create an equation for the Linear Regression model shown below. 
Equation 3.3: Equation for the Linear Regression model 
 
𝐴𝐴 = 1.00(𝑊𝑊𝑆𝑆𝐴𝐴 𝑊𝑊𝑆𝑆𝐷𝐷 1) + 0.69(𝑊𝑊𝑆𝑆𝐴𝐴 𝑊𝑊𝑆𝑆𝐷𝐷 1) + 0.50(𝑊𝑊𝑆𝑆𝐴𝐴 𝐶𝐶𝐴𝐴𝑆𝑆 4) + 0.43(𝑊𝑊𝑆𝑆𝐴𝐴 𝐶𝐶𝐴𝐴𝑆𝑆 5)
+ 0.35(𝑊𝑊𝑆𝑆𝐴𝐴 𝑊𝑊𝐷𝐷𝐷𝐷 4) + 0.20(𝑊𝑊𝑆𝑆𝐴𝐴 𝐶𝐶𝐴𝐴𝑆𝑆 1) + 0.11(𝑊𝑊𝑆𝑆𝐴𝐴 𝑅𝑅𝑆𝑆𝐴𝐴 1)
+ 0.08(𝑊𝑊𝑆𝑆𝐴𝐴 𝑊𝑊𝐷𝐷𝐷𝐷 3) + 0.06(𝑊𝑊𝑆𝑆𝐴𝐴 𝑊𝑊𝑆𝑆𝑙𝑙 2) 
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Comparison of Landman, McFarland, and Linear Regression models 
 All 59 of the Netherlands buildings were scored on the Landman, McFarland, and 
Linear Regression models. Since the models were not all on the same scale, the 
McFarland and Linear Regression model scores were adjusted to match the Landman 
model scores. The accuracies of all 3 models were calculated based on their abilities to 
predict an adaptation, a demolition, and both overall. These accuracy values can be seen 
in Table 3.9 below. Overall scores for each building in each of the models are shown in 
Appendix F. 
Table 3.9: Landman, McFarland, and Linear Regression model accuracies 
Model Adaptation Accuracy Demolition Accuracy Overall Accuracy 
Landman 67% 70% 68% 
McFarland 64% 75% 68% 
Linear 72% 80% 75% 
 
 Overall, the Landman and McFarland models are relatively the same for accuracy. 
The Landman model performs about 3% better at predicting an adaptation, while the 
McFarland model is 5% better at predicting a demolition. The Linear Regression model, 
however, is 5-10% better at predicting both adaptations and demolitions than both of the 
other models. These results show that the ANN and Logistic Regression analyses 
improved the accuracy of the proposed adaptability scoring model, and the physical 
parameters involved in these analyses have positive relationships with building 
adaptability. These influential parameters can be used and changed in building designs 
the future to improve the adaptability of the building.  
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Comparison of results with previous literature 
 Table 3.10 below lists the different design for adaptability strategies that were 
defined in Table 3.1 in the Background section. The strategies in the table were informed 
by the works of Heidrich et al. (2017), Rockow et al. (2020), Ross et al. (2016), and 
Slaughter (2001). These previous literature reviews have indicated that all of these 
strategies have positive relationships with building adaptability. While each of the 
parameters in the Landman model is associated with one of these strategies in the table, 
the parameter may also be associated with another strategy. For example, Ser_Dim_1 (the 
amount of space between the ceiling and the next floor) can be placed in either Building 
Layering or Openness. The parameter can show that the building has enough space to 
separate the services and structures layers, but also shows that the building is open 
vertically. The last column in the table below shows whether or not the relationships 
between parameters and building outcomes resulting from the current study reflect what 
has been stated by previous researchers. The strategies Plan Depth and Accurate 
Information are not included in this table because there were no parameters from the 
Landman model that were aligned with these strategies. 












Skin_Dem_1 Mixed/Weak Positive 
Skin_Dem_2 Mixed/Weak Positive 
Skin_Dem_3 Mixed/Weak Positive 
Ser_Dim_1 Strong Positive 




Str_Cap_4 Strong Positive 




Str_Dim_3 Mixed/Weak Positive 
Str_Dim_4 Positive 
Simplicity Str_Cap_1 Positive 
MEP Connections 
Ser_Dem_1 Strong Positive 
Ser_Seg_1 Mixed/Weak Positive 
Ser_Seg_2 Strong Positive 
Fire protection Acc_Rea_3 Mixed/Negative Acc_Rea_4 Strong Positive 
Accessibility Ser_Rea_1 Positive 
 
 Building Layering. In previous literature, Building Layering is highly regarded 
as having a strong effect on the adaptability of a building. The driving concept behind the 
Landman study was the idea of building layering, and this is why there are many more 
parameters associated with this strategy than with the other strategies. According to 
Brand (1994), the service and space plan layers change more frequently than the structure 
and skin layers, and this seems to be a factor in how strong the relationships are between 
the associated parameters and building adaptation outcomes. Within this data set, seven 
out of the nine parameters associated with building layering produced mixed results. 
These parameters are all in the structure or skin layers of a building, while the two 
parameters with strong positive relationships are in the service and space plan layers. 
Spa_Dem_1, the demountability of internal walls, has a stronger positive relationship 
with adaptability than Skin_Seg_1, the extent of integration between the façade and the 
structure, indicating that the interior space plan features of a building are more important 
to adaptability than those on the exterior. 
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 Structural Reserve Capacity. The strategy of structural reserve capacity and the 
parameters associated all had positive relationships. Two parameters, Str_Cap_4 and 
Str_Cap_5, are measuring the occupancy of the floors and the roof, respectively, and both 
of these parameters had strong positive relationships. These parameters are very 
important to adaptability because the building would not be able to change functions 
without being able to withstand the different loading requirements. Str_Adj_1, the extent 
of possible vertical expansion of the structure, indicates whether or not another floor 
could be added to the building, and had a positive relationship with building adaptability. 
The results from these parameters align well with previous literature that has claimed the 
significance of structural reserve capacity in a building. 
 Openness. Openness has been studied and quantified by many researchers and is 
deemed essential to designing an adaptable building. The three parameters associated 
with this strategy had mixed results. Str_Dim_3, the floor-to-floor height of a building, 
had a weak, but still positive relationship with adaptability. In the given data set, there 
wasn’t much variation within the floor-to-floor height values and this small range of 
values could have had an effect on why the relationship was weak. This parameter in 
particular was expected to produce a strong positive result and further study with a larger, 
more diverse data set could possibly produce those results. 
 Simplicity. There is only one parameter associated with simplicity, but it 
produced a positive result. Str_Cap_1 studied the stability arrangement of the structure 
and whether the building contained load-bearing walls, columns and beams, and/or 
stability cores. The positive relationships resulting from this study supports the previous 
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literature’s conclusion that the simpler the structure, the easier it would be to replace or 
redesign portions of it.  
 MEP Connections. This strategy is a subset of Building Layering because it 
involves connecting different layers (services, skin, structure, etc.), but was assumed to 
be its own strategy because it focuses on the services layer.  The three parameters 
associated with this strategy all produced positive results. Ser_Dem_1, demountability of 
the service elements, and Ser_Seg_2, extent of integration between the services and skin, 
both produced strong positive results, indicating that MEP Connections are very 
important to building adaptability. As mentioned earlier, this layer changes frequently 
relative to other layers and is also related to the maintenance of the building. If the 
services are kept up-to-date, the building will be easier to adapt in the future. 
 Fire Protection. Similar to MEP Connections, Fire Protection must be kept 
current in order to satisfy code requirements. Acc_Rea_3, the number and location of 
staircases in the building, and Acc_Rea_4, the number and location of elevator shafts in 
the building, ensure that occupants would be able to escape if an incident were to occur. 
If any changes are made to a floor plan, fire protection codes must still be satisfied; 
therefore, these parameters are very important to adaptability. These parameters produced 
mixed results, which suggests that in real-world buildings, the number and location of 
stairwells is not as important as that of elevator shafts. 
 Accessibility. As mentioned earlier, building maintenance and access to different 
layers of the building is important for changes to be made. Ser_Rea_1, the extent of 
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access to building service elements, produced positive results which aligns with previous 
literatures’ conclusions. 
 Overall, all of the strategies were associated with parameters that produced 
positive results, supporting the idea that all of the strategies are important to creating 
adaptability. Some strategies, such as Structural Reserve Capacity, MEP Connections, 
and Accessibility, were exclusively associated with parameters with positive results. This 
suggests that these strategies from the literature are particularly effective at creating 
adaptability, and the distinctiveness of these strategies demonstrates that there is not one 
universal strategy that must be employed to design an adaptable building. 
Summary and Conclusions 
 This paper employed the use of Artificial Neural Networks and Logistic 
Regression to study the relationships between building parameters and adaptation and 
demolition outcomes. 59 buildings from Landman’s study in the Netherlands provided 
the initial data for this study. Multiple sensitivity studies were performed to determine the 
strength and direction (positive or negative) of relationships between building parameters 
with building adaptation. The results of the sensitivity studies were used to create a 
Linear Regression model for measuring adaptability.  
Specific objectives of the study included:  
1. Quantitatively evaluate relationships between physical features of buildings and 
their real-world adaptation and demolition outcomes. 
2. Create a Linear Regression model to measure buildings’ adaptability. 
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3. Compare quantitative results from the current study with qualitative results from 
previous literature. 
With respect to the objectives, the following conclusions were made: 
1. Nine physical parameters of buildings had strong, positive relationships with 
adaptation outcomes in the real-world buildings from the Netherlands. Four of the 
nine parameters were associated with Structural Reserve Capacity and MEP 
Connections, which suggests that these categories are very important in relation to 
building adaptability. 
2. The new Linear Regression model was an improvement relative to the previous 
Landman and McFarland models. This model accurately characterized 75% of the 
real-world building outcomes, and it was 7% more accurate than similar previous 
models.  
3. The results were consistent with conclusions from previous literature with a few 
exceptions and conditions. Building layering was of less importance in this study 
than expected, while Structural Reserve Capacity, MEP Connections, and 
Accessibility, produced many positive results. 
While this study had promising results, it did have limitations. This study is one 
of the largest of its kind in relation to number of buildings included but is still limited in 
size. This study is also specific to buildings in the Netherlands, and the level of impact 
for each parameter was based on the range of parameter scores from the Landman data. 
More data from the Netherlands to increase the size of the database is needed as well as 
data from other countries. The data from other countries will help in confirming if the 
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current results are consistent with their design strategies. Since building occupancies are 
not on a continuous scale, they were difficult to include in most of the analysis. Further 
study on the effect of building occupancy is also recommended.  
Overall, the study demonstrated that some parameters correlated highly with 
building adaptation outcomes: 
• Ser_Dem_1 – demountability of the service elements 
• Str_Cap_5 – occupancy of the roof 
• Spa_Dem_1 – demountability of internal walls 
• Str_Cap_4 – typical floor occupancy 
• Acc_Rea_4 – number and location of elevator shafts in the building 
• Ser_Dim_1 – amount of space between the ceiling and the next floor 
• Ser_Seg_2 – extent of integration between the services and skin 
The other parameters included in the study generally had mixed relationships. 
These parameters may or may not be significant in regard to adaptability in a given 
building, but within this data set, there was no evidence that they contributed to building 
adaptation outcomes. These results will be helpful to building designers who wish to 
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Two Adaptability Workshops were held in order to gain input from professionals 
on the scoring system presented in this paper. The first workshop was held on January 
21st, 2020 and consisted of two structural engineers and two architects. The second 
workshop was held on January 23rd, 2020 and consisted of two architects. Participants 
were initially presented with a slideshow explaining a basic understanding of adaptability 
in buildings and the parameters definitions.  
First Activity 
The first activity they were asked to perform was categorizing each of the 8 
parameters into groups of “Highest Impact”, “Impactful”, “Marginal Impact”, and “No 
Impact” with respect to the adaptability score of a building. They were given one sticky 
note for each parameter and were asked to place the parameters in the category they 
deemed most fit. This activity was used to determine the accuracy of the determination of 
parameter weighting factors. The colors of the sticky notes are insignificant. The 
following figures show the results from this activity. 
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Figure A-1: "Highest Impact" parameters from the first workshop 
 
 




Figure A-3: Parameters with "Marginal Impact" from the first workshop 
 
 




Figure A-5: Parameters ordered from “Highest Impact” on the left to “No Impact” on the right from the 
second workshop 
 
Table A-1: Raw data from participant responses 
Parameter Highest Impact Impactful 
Marginal 
Impact No Impact 
Structural spacing 6    
Floor-to-floor height 1 1 4  
Wall deconstructability 3 1 2  
HVAC accessibility   4 2 
Design live load 2 2 1 1 
Plan depth  4  2 
Orthogonal walls  1 4 1 
Stacking floor plates  3 2 1 
 
Figure A-6 below shows the parameters from most impactful to least impactful on 
a building’s adaptability according to the responses from participants. Each column in 
Table A-1 represents a different point value: The “Highest Impact” category received 
three points for each response, while the “Impactful” category received two, “Marginal 
Impact” received one, and “No Impact” received  pzerooints. These points were added 




Figure A-6: Parameters' impact on adaptability 
 
Second Activity 
The second activity they were asked to perform was to draw graphs portraying 
how they envisioned each parameter would affect the adaptability score of a building. 
They were asked to add comments as they went, so the authors of the conference paper in 
Chapter Two could better understand their thought process and reasoning behind each 
graph. The participant’s graphs and comments were used to make slight adjustments to 
the existing scoring system. The participant’s graphs and comments can be seen on the 
next few pages. 
 The trend of diminishing returns can be seen in the graphs and comments. 
Remarks such as “most building types can be supported” at certain points in the graphs 
made it clear that professionals believe there is a limit to how much of each parameter is 









































Landman Model Reduced Analysis Tool 
 The following tables include the questions from the Landman Model created by a 
master’s student at the Eindhoven University of Technology (Landman, 2016). 












To which extent could the structural elements be demounted from each other? 
0.0 Merged connection (in-situ poured concrete)   
0.2 Fully grouted rod connection   
0.4 Mortar or sealant connection   
0.6 Screwed or nailed connection   
0.8 Bolted connection   
1.0 Clamp connection   
Dem 2 
0.0 
To which extent could the floors be demounted from the structural elements? 
0.0 Merged connection (in-situ poured concrete)   
0.2 Fully grouted rod connection   
0.4 Mortar or sealant connection   
0.6 Screwed or nailed connection   
0.8 Bolted connection   









What is the usability of the floor caused by the structure? 
0.0 Unusable (Building has strange angles or curves in all directions)   
0.2 Very bad (Oddly shaped building with many large structural elements)   
0.4 Bad (Normally shaped building with many large structural elements)   
0.6 Average (Normally shaped building with some large structural elements)   
0.8 Good (Efficiently shaped building with many large structural elements)   
1.0 Very good (Efficiently shaped building with few structural elements)   
Dim 3 
0.0 
What is the net floor to floor height? 
0.0 < 2,60 m   
0.2 2,60 - 2,70 m   
 79 
0.4 2,70 - 2,80 m   
0.6 2,80 - 2,90 m   
0.8 2,90 - 3,00 m   
1.0 > 3,00 m   
Dim 4 
0.0 
What is the distance between the horizontal grid lines? 
0.0 < 2,50 m   
0.2 2,50 - 4,50 m   
0.4 4,50 - 6,50 m   
0.6 6,50 - 8,50 m   
0.8 8,50 - 10,50 m   










What kind of stability arrangement is used for the structure? 
0.0 Load bearing walls continuing along the sides of the building   
0.2 Load bearing walls and stability cores   
0.4 Load bearing walls and frame structure of columns and beams   
0.6 Stability cores   
0.8 Stability cores and frame structure of columns and beams   
1.0 Frame structure of columns and beams   
Cap 4 
0.0 
What type of function could the floor bear? (live load) 
0.0 Residential (< 2,00 kN/m2)   
0.2 Low office or school (3,00 kN/m2)   
0.4 High office or school (5,00 kN/m2)   
0.6 Conference (7,00 kN/m2)   
0.8 Shopping or light industry (9,00 kN/m2)   
1.0 Heavy industry (> 11,00 kN/m2)   
Cap 5 
0.0 
What type of roof could the structure bear? (live load) 
0.0 Only roofing material (< 1,00 kN/m2)   
0.2 Moss garden (1,00 kN/m2)   
0.4 Extensive garden / residential function (2,00 kN/m2)   
0.6 Garden / office or school function (3,00 kN/m2)   
0.8 Intensive garden / meeting function (4,00 kN/m2)   











To which extent could the structure bear a vertical expansion? 
0.0 Not possible due to lack of excess capacity in the structure or space on location 
0.2 Possible to expand with new structure around the old one   
0.4 -   
0.6 Expandable with 1 floor on top with grave measurements   
0.8 Expandable with 1 floor on top without grave measurements   
1.0 Expandable with several floors without grave measurements   
 










To which extent is the façade integrated into the structure? 
0.0 Fully integrated (loadbearing façade walls)   
0.2 Largely integrated (loadbearing façade walls and columns)   
0.4 Integrated (loadbearing façade columns placed within a small grid)   
0.6 Partly integrated (loadbearing façade columns placed within a large grid)   
0.8 Partly independent (façade with stability elements on cantilevered floor)   
1.0 Fully independent (façade without stability elements on cantilevered floor)   
Seg 2 
0.0 
To which extent is the roof integrated into the structure? 
0.0 Fully integrated (loadbearing in-situ poured floor/ceiling)   
0.2 Largely integrated (loadbearing floor/ceiling of a beam system in small grid)   
0.4 Integrated (loadbearing floor/ceiling of a beam system in large grid)   
0.6 Partly integrated (loadbearing beam system with demountable roof)   
0.8 Partly independent (beam system using the structure for stability)   











To which extent could the façade be demounted from the structure? 
0.0 Merged connection (in-situ poured concrete)   
0.2 Fully grouted rod connection   
0.4 Mortar or sealant connection   
0.6 Screwed or nailed connection   
0.8 Bolted connection   
1.0 Clamp connection or no connection due to fully independent façade   
Dem 2 
0.0 
To which extent could façade elements be demounted from each other? 
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0.0 Merged connection (in-situ poured concrete)   
0.2 Fully grouted rod connection   
0.4 Mortar or sealant connection   
0.6 Screwed or nailed connection   
0.8 Bolted connection   
1.0 Clamp connection or no connection due to fully independent façade   
Dem 3 
0.0 
To which extent could the roof be demounted from the structure? 
0.0 Merged connection (in-situ poured concrete)   
0.2 Fully grouted rod connection   
0.4 Mortar or sealant connection   
0.6 Screwed or nailed connection   
0.8 Bolted connection   
1.0 Clamp connection or no connection due to fully independent façade   
 










To which extent is the distribution network integrated into the structure? 
0.0 Fully integrated (whole network cast into the walls and floors)   
0.2 Largely integrated (mostly cast into the walls and floors)   
0.4 Integrated (partly cast into the walls and floors)   
0.6 Partly integrated (partly cast into the walls or floors)   
0.8 Partly independent (mostly placed outside the walls and floors)   
1.0 Fully independent (whole network placed outside the structure)   
Seg 2 
0.0 
To which extent is the distribution network integrated into the skin? 
0.0 Fully integrated (whole network placed inside the façade and roof)   
0.2 Largely integrated (mostly placed inside the façade and roof)   
0.4 Integrated (partly placed inside the façade and roof)   
0.6 Partly integrated (partly placed inside the façade or roof)   
0.8 Partly independent (mostly placed outside the façade and roof)   










To which extent could elements of the network be demounted? 
0.0 Connection is merged into in-situ poured concrete   
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0.2 Fully grouted rod connection   
0.4 Mortar or sealant connection   
0.6 Screwed or nailed connection   
0.8 Bolted connection   









To which extent could elements of the distribution network be reached? 
0.0 Inaccessible (fully blocked by structural wall)   
0.2 Very difficultly accessible (partly blocked by structural wall)   
0.4 Difficultly accessible (partly blocked by walls, columns and floors)   
0.6 Accessible (partly blocked by columns and floors)   
0.8 Easily accessible (partly blocked by columns or floors)   









How much room is available within a raised floor or lowered ceiling? 
0.0 < 0,20 m    
0.2 0,20 - 0,40 m   
0.4 0,40 - 0,60 m   
0.6 0,60 - 0,80 m   
0.8 0,80 - 1,00 m   
1.0 > 1,00 m   
 










On which level could the stairs be reached in the building? 
0.0 Not present / One staircase located at an end of the building   
0.2 One staircase centrally located   
0.4 Two staircases centrally located   
0.6 One staircase at each end of the building   
0.8 Multiple staircases, located centrally and at the ends of the building   
1.0 Multiple staircases, evenly divided over the building   
Rea 4 
0.0 
On which level could the elevator shaft(s) be reached in the building? 
0.0 Not present / One elevator shaft located at an end of the building   
0.2 One elevator shaft centrally located   
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0.4 Two elevator shafts centrally located   
0.6 One elevator shaft at each end of the building   
0.8 Multiple elevator shafts, located centrally and at the ends of the building   
1.0 Multiple elevator shafts, evenly divided over the building   
 












To which extent could the internal walls be demounted horizontally? 
0.0 Connection is merged into in-situ poured concrete   
0.2 Fully grouted rod connection   
0.4 Mortar or sealant connection   
0.6 Screwed or nailed connection   
0.8 Bolted connection   





Buildings’ General Parameter Values 
 The following table contains a comprehensive list of the buildings used in Chapter 
Three of this thesis and the buildings’ general parameter values. 
Table C-1: General parameter values for each building 







DAF Office D office 51935.8 1972 11 37 
Meyboomflat D healthcare 116014 1969 13 41 
Groot Ziekengasthuis D healthcare 688890 1974 9 41 
Maasziekenhuis D healthcare 55649.4 1968 8 46 
Sint-Anna Ziekenhuis D healthcare 59685.8 1960 7 54 
Bleijerheide D residential 134118 1967 12 45 
Gagelboschplein D healthcare 64275.8 1975 4 33 
Building WAH D office 98758.8 1970 4 37 
Huize den Elzent D healthcare 86757 1961 6 48 
Menko Storage D industrial 46231 1956 6 40 
Westraven A office 299775 1975 23 32 
T-Hoog A academic 182340 1961 13 41 
GAK Scheveningen A office 71579.9 1972 10 27 
Overhoeks A office 97574.8 1971 22 45 
De Tweeling A office 279861 1992 21 24 
Office Den Bosch A office 59685.8 1982 7 33 
Elisabethhof A office 58663.3 1993 6 23 
Office Rijswijk A office 213125 1966 19 50 
High Technical School A academic 94722.3 1965 5 49 
Bondsgebouw A office 25349 1917 4 35 
De Stadhouder A office 59201.5 1974 7 30 
Police Station A academic 45746.6 1976 6 36 
PNEM Building A office 168132 1980 7 34 
GGD Office A healthcare 75024.4 1955 7 50 
Dobbelman Building L A industrial 31753.5 1895 5 114 
Bakenmonde A office 90309.1 1990 5 25 
Menko Cotton Warehouse A industrial 21527.8 1928 7 80 
Churchilltorens A office 262639 1970 11 28 
NEOM Office A office 46553.9 1983 8 33 
Caballerofabriek A industrial 171092 1953 4 53 
Twentec Building C D office 96283.1 1967 15 34 
Post Office Oss D office 28201.4 1970 3 40 
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GAK Maastricht D office 70557.4 1972 9 34 
KPN Maastricht D office 179057 1980 8 28 
KPN Utrecht D office 49513.9 1970 4 37 
Town Office Beverwijk D office 198379 1962 16 50 
Post Office Dordrecht A office 77015.7 1975 7 40 
Customs Office A office 22152.1 1953 3 21 
ENCI Factory A industrial 54357.7 1927 3 82 
Lindostraat School A academic 21527.8 1917 3 95 
Office Dordrecht A office 79868.1 1975 11 41 
Office Nijmegen A office 110007 1972 12 44 
Office Emmen A office 40203.2 1987 5 29 
Office Utrecht A office 177281 1980 16 36 
KPN Amsterdam A office 316243 1992 12 24 
Rabobank Diemen A office 69588.6 1969 4 38 
Arcade A office 161459 1972 9 30 
Balen van Andelplein A office 76854.2 1961 6 34 
Building OAN D office 111945 1958 6 52 
Building VH D office 192566 1963 18 49 
KPN Den Haag D office 178627 1985 9 30 
Spinozagebouw D office 74916.7 1959 9 53 
Office Oss A office 34208 1981 4 35 
Office Delft A office 45854 1975 4 24 
Warehouse Zaandam A office 47307 1969 5 38 
Slavenburg's Bank A office 87511 1957 12 57 
De Monarch A office 143268 1969 17 45 
Huis te Landelaan A office 47684 1965 10 42 
Puddingfabriek A industrial 37781.3 1931 4 72 





Landman Model Individual Parameter Scores 
The following table includes the original individual parameter scores from the 
Landman Model. The scores were spot-checked by the author and around 10 individual 
scores were slightly altered. 

































































































































Str_Dem_1 0.0 0.8 0.0 0.4 0.0 0.0 0.4 0.0 0.4 0.0 0.2 0.0 0.2 0.0 0.4 0.0 
Str_Dem_2 0.0 0.4 0.0 0.4 0.0 0.0 0.4 0.0 0.4 0.0 0.4 0.0 0.2 0.0 0.2 0.0 
Str_Dim_2 0.6 0.8 0.8 0.6 0.6 0.4 0.4 0.8 0.4 0.9 0.8 0.8 0.8 0.8 0.8 0.8 
Str_Dim_3 1.0 0.0 0.9 0.4 0.3 0.1 0.1 0.4 0.3 1.0 1.0 1.0 0.7 0.5 0.3 0.3 
Str_Dim_4 0.4 0.0 0.2 0.4 0.6 0.6 0.2 0.2 0.2 0.6 0.6 0.4 0.6 0.6 0.6 0.6 
Str_Cap_1 0.6 0.8 0.5 0.4 0.5 0.2 0.2 0.4 0.2 0.6 0.8 0.8 0.8 0.8 0.8 0.6 
Str_Cap_4 0.2 0.1 0.2 0.2 0.2 0.1 0.1 0.3 0.1 0.4 0.3 0.4 0.4 0.2 0.4 0.2 
Str_Cap_5 0.2 0.4 0.2 0.2 0.5 0.2 0.2 0.4 0.2 0.0 0.2 0.7 0.4 0.4 0.2 0.4 
Str_Adj_1 0.2 0.2 0.0 0.2 0.6 0.2 0.2 0.8 0.2 0.6 0.2 0.6 0.6 0.9 0.7 0.0 
Skin_Seg_1 0.4 0.4 1.0 0.2 0.8 0.0 0.0 0.4 0.8 0.6 0.8 1.0 1.0 0.4 0.0 0.2 
Skin_Seg_2 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2 0.0 0.6 0.0 0.6 0.0 
Skin_Dem_1 0.2 0.8 0.4 0.4 0.4 0.0 0.4 0.2 0.4 0.4 0.8 0.8 0.7 0.8 0.3 0.4 
Skin_Dem_2 0.5 0.8 0.4 0.4 0.4 0.0 0.4 0.2 0.4 0.4 0.4 0.8 0.7 0.4 0.3 0.4 
Skin_Dem_3 0.0 0.8 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.8 0.2 0.0 0.8 0.0 0.8 0.0 
Ser_Seg_1 1.0 1.0 1.0 1.0 1.0 0.6 1.0 1.0 1.0 1.0 1.0 1.0 0.8 0.8 1.0 1.0 
Ser_Seg_2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.6 1.0 1.0 1.0 1.0 1.0 
Ser_Dem_1 0.8 0.8 0.9 0.9 0.7 0.7 0.7 0.7 0.8 0.8 0.7 0.9 0.8 0.9 0.9 0.8 
Ser_Rea_1 0.4 0.4 1.0 0.5 0.5 0.0 0.4 1.0 0.4 1.0 1.0 0.8 0.8 0.9 0.9 0.9 
Ser_Dim_1 1.0 0.0 0.2 0.2 0.6 0.0 0.0 0.4 0.4 0.6 0.2 1.0 0.1 0.5 0.3 0.2 
Acc_Rea_3 0.0 0.6 0.6 0.6 0.8 0.8 1.0 1.0 1.0 0.6 0.4 0.6 0.6 0.4 0.4 0.4 
Acc_Rea_4 0.0 0.2 0.6 0.0 0.2 0.2 0.6 0.0 0.6 0.0 0.4 0.6 0.2 0.4 0.4 0.4 























































































































































Str_Dem_1 0.2 0.2 0.0 0.4 0.0 0.2 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.4 0.0 0.0 
Str_Dem_2 0.2 0.4 0.0 0.4 0.0 0.2 0.0 0.0 0.2 0.4 0.0 0.0 0.0 0.4 0.0 0.0 
Str_Dim_2 1.0 1.0 0.9 0.6 1.0 0.8 0.6 0.8 0.9 1.0 0.9 0.8 0.8 0.8 0.9 0.8 
Str_Dim_3 0.1 0.7 1.0 1.0 0.7 0.7 0.5 1.0 1.0 0.8 0.2 1.0 0.6 1.0 0.9 1.0 
Str_Dim_4 1.0 0.6 0.6 0.6 0.4 0.2 0.6 0.2 0.4 0.6 0.4 0.6 0.6 1.0 0.6 0.2 
Str_Cap_1 0.2 0.8 0.4 0.0 0.7 0.8 0.8 0.4 1.0 0.4 1.0 0.7 0.5 0.4 0.6 0.6 
Str_Cap_4 0.2 0.3 0.4 0.2 0.4 0.2 0.3 0.2 0.4 0.2 0.3 0.3 0.2 0.7 0.2 0.6 
Str_Cap_5 0.4 0.2 0.2 0.0 0.4 0.2 0.2 0.4 0.2 0.6 0.4 0.4 0.2 0.4 0.6 0.2 
Str_Adj_1 0.8 0.0 0.6 0.2 0.8 0.0 0.6 0.6 0.0 0.8 0.7 0.8 0.2 0.8 0.7 0.6 
Skin_Seg_1 0.0 0.9 0.6 0.6 1.0 0.4 0.8 0.6 1.0 0.6 0.6 1.0 0.2 0.2 0.8 0.4 
Skin_Seg_2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.6 0.0 0.0 0.2 
Skin_Dem_1 0.2 0.8 0.4 0.4 0.4 0.2 0.2 0.5 0.4 0.4 0.4 0.8 0.4 0.4 0.2 0.4 
Skin_Dem_2 0.4 1.0 0.4 0.4 0.4 0.6 0.4 0.6 0.4 0.4 0.4 1.0 0.4 0.4 0.4 0.4 
Skin_Dem_3 0.2 0.6 0.0 0.7 0.0 0.2 0.0 0.0 0.8 0.4 0.0 0.0 0.4 0.4 0.0 0.8 
Ser_Seg_1 1.0 1.0 0.6 1.0 0.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Ser_Seg_2 1.0 0.4 1.0 1.0 0.6 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Ser_Dem_1 0.9 0.9 0.8 0.9 0.8 0.9 0.9 0.9 0.7 0.9 0.7 0.9 0.9 0.9 0.7 0.7 
Ser_Rea_1 0.9 0.9 0.6 0.8 0.8 0.9 0.9 0.4 1.0 0.5 1.0 0.0 0.9 1.0 0.4 0.4 
Ser_Dim_1 0.6 0.2 0.4 0.8 0.2 0.4 0.4 0.2 0.2 0.2 0.0 0.4 0.4 0.8 0.6 0.6 
Acc_Rea_3 1.0 0.4 0.6 1.0 0.6 0.6 1.0 0.8 0.0 1.0 0.1 0.4 0.6 1.0 0.4 0.6 
Acc_Rea_4 0.2 0.4 0.2 0.0 0.2 0.6 0.6 0.4 0.2 0.6 0.1 0.4 0.2 0.0 0.5 0.2 
























































































































































Str_Dem_1 0.0 0.1 0.0 0.2 0.2 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 
Str_Dem_2 0.0 0.2 0.0 0.0 0.2 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.2 0.2 0.0 0.0 
Str_Dim_2 1.0 0.8 0.8 0.4 0.8 0.8 0.8 0.6 1.0 0.8 0.8 0.8 1.0 0.8 0.8 0.8 
Str_Dim_3 0.5 0.3 0.1 0.0 1.0 0.5 1.0 1.0 0.5 0.7 0.3 0.3 0.7 0.8 0.5 0.5 
Str_Dim_4 0.4 0.3 0.2 0.2 0.4 0.2 0.4 0.6 1.0 0.4 0.3 0.6 0.6 0.6 0.2 0.2 
Str_Cap_1 0.4 0.4 0.6 0.0 0.6 0.4 0.4 0.2 0.7 0.6 0.4 0.6 0.2 0.6 0.5 0.6 
Str_Cap_4 0.2 0.2 0.2 0.0 0.2 0.9 0.6 0.2 0.2 0.2 0.1 0.2 0.3 0.3 0.2 0.2 
Str_Cap_5 0.4 0.0 0.2 0.2 0.4 0.2 0.4 0.2 0.4 0.5 0.2 0.2 0.4 0.4 0.2 0.4 
Str_Adj_1 0.6 0.2 0.2 0.2 0.2 0.2 0.8 0.2 0.6 0.6 0.6 0.2 0.2 0.8 0.6 0.2 
Skin_Seg_1 0.6 0.4 0.4 0.2 0.8 0.2 0.4 0.2 0.4 0.8 0.6 0.8 0.4 1.0 0.5 0.4 
Skin_Seg_2 0.5 0.8 0.0 0.2 0.0 0.0 0.0 0.2 0.0 0.8 0.8 0.0 0.0 0.0 0.0 0.0 
Skin_Dem_1 0.6 0.8 0.4 0.4 0.4 0.3 0.4 0.4 0.6 0.8 0.4 0.8 0.6 0.7 0.8 0.6 
Skin_Dem_2 0.5 0.4 0.4 0.6 0.4 0.3 0.2 0.4 0.4 0.4 0.4 0.5 0.6 0.7 0.4 0.6 
Skin_Dem_3 0.2 0.8 0.0 0.2 0.0 0.0 0.0 0.7 0.0 0.7 0.8 0.0 0.2 0.2 0.0 0.0 
Ser_Seg_1 1.0 1.0 0.8 0.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.8 1.0 1.0 1.0 
Ser_Seg_2 1.0 0.6 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.6 1.0 1.0 1.0 1.0 
Ser_Dem_1 0.7 0.7 0.6 0.8 0.7 0.8 0.6 0.8 0.7 0.7 0.8 0.8 0.8 0.7 0.7 0.7 
Ser_Rea_1 0.9 0.4 0.4 0.4 0.8 1.0 1.0 0.4 0.4 0.4 0.9 0.5 0.8 0.9 1.0 0.5 
Ser_Dim_1 0.4 0.6 0.3 0.1 0.4 0.2 1.0 1.0 0.6 0.3 0.3 0.6 0.3 0.4 0.3 0.2 
Acc_Rea_3 0.6 1.0 0.8 0.6 0.8 0.6 0.6 0.2 0.6 0.6 0.8 1.0 0.8 0.6 0.6 0.6 
Acc_Rea_4 0.0 0.4 0.2 0.2 0.6 0.2 0.0 0.0 0.4 0.4 0.6 0.4 0.4 0.6 0.2 0.0 














































































































Str_Dem_1 0.2 0.2 0.2 0.0 0.0 0.5 0.8 0.0 0.0 0.0 0.6 0.4 
Str_Dem_2 0.2 0.2 0.3 0.0 0.0 0.4 0.2 0.0 0.0 0.0 0.2 0.5 
Str_Dim_2 0.8 0.6 0.6 0.6 0.8 1.0 0.8 0.9 0.8 1.0 0.8 0.6 
Str_Dim_3 1.0 1.0 0.1 0.3 0.2 0.7 0.9 0.9 0.0 0.3 0.4 0.9 
Str_Dim_4 0.2 0.6 0.6 0.6 0.2 0.4 0.4 0.6 0.4 0.4 0.4 0.6 
Str_Cap_1 0.4 0.5 0.6 0.6 0.4 0.6 0.8 0.6 0.8 0.8 0.6 0.4 
Str_Cap_4 0.2 0.2 0.1 0.1 0.2 0.2 0.4 0.4 0.3 0.2 0.4 0.3 
Str_Cap_5 0.2 0.2 0.2 0.2 0.4 0.4 0.2 0.4 0.4 0.2 0.4 0.2 
Str_Adj_1 0.2 0.2 0.6 0.2 0.6 0.8 0.3 0.6 0.6 0.5 0.6 0.2 
Skin_Seg_1 0.4 0.8 0.6 0.4 0.6 0.4 0.8 0.4 0.4 1.0 0.4 0.2 
Skin_Seg_2 0.0 0.0 0.0 0.0 0.0 0.8 0.7 0.0 0.0 0.0 0.0 0.6 
Skin_Dem_1 0.2 0.8 0.4 0.6 0.4 0.8 0.8 0.7 0.7 0.8 0.4 0.4 
Skin_Dem_2 0.2 0.6 0.4 0.4 0.4 0.6 0.6 0.4 0.8 0.4 0.4 0.6 
Skin_Dem_3 0.0 0.0 0.5 0.0 0.0 0.5 0.5 0.0 0.0 0.0 0.0 0.5 
Ser_Seg_1 0.6 0.8 0.8 1.0 0.9 1.0 0.6 1.0 0.8 1.0 1.0 1.0 
Ser_Seg_2 0.8 0.6 0.8 1.0 1.0 0.6 1.0 1.0 1.0 1.0 1.0 1.0 
Ser_Dem_1 0.6 0.6 0.7 0.7 0.9 0.9 0.8 0.8 0.7 0.7 0.7 0.8 
Ser_Rea_1 0.2 0.6 0.6 0.6 1.0 0.8 0.6 0.9 0.8 0.3 0.4 0.4 
Ser_Dim_1 0.6 0.6 0.2 0.6 0.4 0.2 0.4 0.4 0.4 0.5 0.5 0.9 
Acc_Rea_3 1.0 0.4 0.8 0.8 0.8 0.8 0.8 1.0 0.6 0.6 0.6 0.7 
Acc_Rea_4 0.6 0.4 0.7 0.4 0.2 0.2 0.2 0.8 0.7 0.4 0.2 0.0 




Examples of Monte Carlo Simulation Plots 
 The following plots are examples of the results from the Monte Carlo Simulations 
conducted in Chapter Three of this thesis. The blue dots represent the 30,000 simulations 
and the black dotted line is the trendline for the data. 
Figure E-1: Str_Dem_1 ANN outputs 
 























Figure E-2: Str_Dem_2 ANN outputs 
 
 
Figure E-3: Str_Dim_2 ANN outputs 
  












































Landman, McFarland, and Linear Regression Model Scores 
Table F-1: Building scores from the Landman, McFarland, and Linear Regression models 
Building Name State Landman McFarland Adjusted McFarland Linear 
Adjusted 
Linear 
Arcade A 0.49 4.17 0.42 1.69 0.47 
Bakenmonde A 0.57 5.33 0.54 2.15 0.60 
Balen van Andelplein A 0.49 4.12 0.42 1.60 0.45 
Bleijerheide D 0.36 5.12 0.52 1.44 0.40 
Bondsgebouw A 0.52 6.58 0.67 1.72 0.48 
Building OAN D 0.48 4.66 0.47 1.44 0.40 
Building VH D 0.50 5.15 0.52 1.56 0.43 
Building WAH D 0.50 3.97 0.40 1.79 0.50 
Caballerofabriek A 0.59 6.23 0.63 2.39 0.66 
Churchilltorens A 0.52 5.62 0.57 2.14 0.59 
Customs Office A 0.51 4.65 0.47 2.12 0.59 
DAF Office D 0.49 4.95 0.50 1.72 0.48 
De Monarch A 0.52 5.13 0.52 1.89 0.53 
De Stadhouder A 0.46 5.24 0.53 1.91 0.53 
De Tweeling A 0.51 5.01 0.51 2.16 0.60 
Dobbelman Building L A 0.56 5.61 0.57 1.86 0.52 
Elisabethhof A 0.48 5.89 0.60 2.15 0.60 
Gagelboschplein D 0.43 3.69 0.38 1.34 0.37 
GAK Maastricht D 0.54 4.78 0.49 1.67 0.47 
GAK Scheveningen A 0.55 5.39 0.55 2.17 0.60 
GGD Office A 0.48 4.44 0.45 1.79 0.50 
Groot Ziekengasthuis D 0.49 4.35 0.44 1.85 0.51 
High Technical School A 0.52 6.45 0.66 1.87 0.52 
Huis te Landelaan A 0.48 4.59 0.47 1.73 0.48 
Huize den Elzent D 0.46 4.42 0.45 1.46 0.41 
Jedeloo School A 0.50 5.53 0.56 1.79 0.50 
KPN Amsterdam A 0.53 4.46 0.45 2.07 0.57 
KPN Den Haag D 0.54 4.91 0.50 1.64 0.46 
KPN Maastricht D 0.52 4.04 0.41 1.44 0.40 
KPN Utrecht D 0.47 4.33 0.44 1.44 0.40 
Lindostraat School A 0.47 6.26 0.64 1.71 0.47 
Maasziekenhuis D 0.46 5.17 0.53 1.74 0.48 
Menko Cotton Warehouse A 0.48 4.26 0.43 1.83 0.51 
Menko Storage D 0.52 6.48 0.66 1.86 0.52 
Meyboomflat D 0.46 3.93 0.40 1.64 0.46 
NEOM Office A 0.48 5.24 0.53 2.02 0.56 
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Office Delft A 0.62 5.52 0.56 2.03 0.57 
Office Den Bosch A 0.44 5.00 0.51 2.01 0.56 
Office Dordrecht A 0.52 6.13 0.62 1.96 0.55 
Office Emmen A 0.58 4.20 0.43 1.72 0.48 
Office Nijmegen A 0.55 4.47 0.46 1.72 0.48 
Office Oss A 0.54 4.37 0.44 1.93 0.54 
Office Rijswijk A 0.55 5.61 0.57 2.04 0.57 
Office Utrecht A 0.55 5.22 0.53 1.85 0.51 
Overhoeks A 0.49 4.45 0.45 2.16 0.60 
PNEM Building A 0.52 3.98 0.40 2.06 0.57 
Police Station A 0.54 3.78 0.38 1.95 0.54 
Post Office Dordrecht A 0.50 6.02 0.61 1.74 0.49 
Post Office Oss D 0.52 5.98 0.61 1.75 0.49 
Puddingfabriek A 0.53 4.58 0.47 1.75 0.49 
Rabobank Diemen A 0.56 5.70 0.58 2.00 0.56 
Sint-Anna Ziekenhuis D 0.49 4.78 0.49 1.75 0.49 
Slavenburg's Bank A 0.59 5.27 0.54 2.16 0.60 
Spinozagebouw D 0.51 4.54 0.46 1.60 0.44 
T-Hoog A 0.63 6.67 0.68 2.28 0.63 
Town Office Beverwijk D 0.42 4.09 0.42 1.34 0.37 
Twentec Building C D 0.50 4.92 0.50 1.99 0.55 
Warehouse Zaandam A 0.56 5.25 0.53 1.87 0.52 
Westraven A 0.56 6.04 0.61 2.09 0.58 
 
 
